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Anisotropyers have been explored for their use in gene delivery. Nine PEI-chol lipopolymers
based on cholesterol grafting on three polyethyleneimines (PEI) of different molecular weights have been
synthesized. Firstly their aggregation behavior has been studied using transmission electronmicroscopyand then
their interactions with L-α-dipalmitoyl phosphatidylcholine (DPPC) membranes have been examined using
ﬂuorescence anisotropy and differential scanning calorimetry (DSC). These PEI-chol lipopolymers are found to
quench the chain motion of the acyl chains of DPPC, when incorporated in membranes, depending upon the
cholesterol grafting on PEI. These PEI-chol lipopolymers act as ﬁller molecules in membranes. Electron
microscopy shows the different aggregation behavior of these new PEI-chol lipopolymers depending upon the
molecular weight of PEI and percentage of cholesterol grafting. Detailed analysis of the ﬂuorescence anisotropy
and DSC data indicate that the nature of perturbation induced by PEI-chol lipopolymers is dependent upon the
molecularweight of the PEI used and the%of cholesterol grafting onPEI. In general, PEI-chol lipopolymers rigidify
the liquid-crystalline phase of the membranes without any noticeable effect on the gel phase unlike natural
cholesterol, which is known to ﬂuidize the gel phase of the membranes.
© 2008 Elsevier B.V. All rights reserved.1. IntroductionIn the model membranes, the effect of cholesterol on phosphati-
dylcholine bilayers has a long standing problem [1,2] to know (i) what
is the effect of cholesterol on the main phase transition of pure
phosphatidylcholine bilayers. The main phase transition at Tm is the
transition which takes the bilayer from a crystalline solid (gel) phase
with conformationally ordered acyl chains to a liquid (liquid-crystal-
line) phase with conformationally disordered acyl chains. (ii) What is
the effect of cholesterol on the rotational and translational motions of
the phosphatidylcholine molecules in the liquid-crystalline state [3]?
(iii) What is the effect of cholesterol on the conformation of the acyl
chains of the phosphatidylcholine molecules? Various experimental
techniques like calorimetry [4], magnetic resonance spectroscopy [5],
ﬂuorescence depolarization [6], infrared and Raman spectroscopy [7],
neutron- and X-ray scattering [8], electron microscopy [8], and
micromechanics [9] have been used to answer these questions.
These studies showed that addition of cholesterol leads to a more
conformationally ordered state of the acyl chains of the phosphati-
dylcholine molecules. Within a given phase, cholesterol has only a
small effect on the molecular translational and rotational motions. At
low cholesterol concentrations a slight broadening of the main phasehemistry, Indian Institute of
4; fax: +91 80 2360 0529.
harya).
l rights reserved.transition occurs whereas at higher concentrations the liquid phase of
the pure bilayer is dramatically stabilized.
Since the discovery of DC-Chol [3β-[N-(N',N'-dimethylaminoethane)
carbamoyl]cholesterol] by Huang et al. [10], many cholesterol based
cationic lipids have been synthesized and investigated for gene trans-
fection activities. Various reports by Ramamoorthy have shown the role
of cholesterol in the selectivity of antimicrobial and anticancer peptides
[11–16]. It has been shown that despite chemical modiﬁcation of the
parent cholesterol unit, cholesterol derivatives continue to interact
strongly with natural lipids in membranes and affect the permeability,
the thermal melting and in vivo tissue distribution [17,18]. Previously, it
was shown from this laboratory that cholesterol or its derivatives alter
either cationic lipid or phospholipid-based membrane organizations.
They also modify the membrane surface charge characteristics [19–21].
The interactions betweennatural cholesterol andphosphatidylcho-
line lipids inmembranes have been studied by various research groups
[20–33], but to our knowledge there is no report in literature that
investigates the interactions of PEI-chol lipopolymerswith dipalmitoyl
phosphatidylcholine (DPPC). This is important as examination of the
physical nature of the interactions of PEI-chol lipopolymers with
natural phospholipid components in mixed membranes of deﬁned
composition may be relevant to understanding the mechanism by
which these types of molecules manifest their biological activities.
Behr et al. for the ﬁrst time reported the transfection efﬁcacy of poly-
ethylenimine [34]. Since thenvariousderivatives of PEIwere investigated
for transfection studies. For instance, PEI was derivatized with various
Fig. 1. General structure of the PEI-cholesterol based lipopolymers used for the study.
2226 S. Bhattacharya, A. Bajaj / Biochimica et Biophysica Acta 1778 (2008) 2225–2233ligands including sugars [35], amino acids [36], polyethylene glycol [37],
long hydrocarbon chains [38] and even cholesterol [39]. Klibanov et al.
had shown the effect of various chemical modiﬁcations of polyethyle-
nimines (PEIs) on their gene transfection efﬁciency as synthetic vectors
for the delivery of plasmid DNA [36]. Cholesterol based PEI derivatives
possessing carbamate/amide linkages were shown to have enhanced
transfection activities [40]. Kim et al. synthesized PEI derivatives of
different geometries with cholesterol and studied their transfection
activities [41] and later on also reported the transfection activities of
water soluble PEI-chol lipopolymers based on PEI and cholesterol [42].
It has been shown that the nature of the linker between the head-
group and cholesterol backbone dramatically affects the transfection
activities of cholesterol based cationic lipids as lipids possessing ether
based lipids induced better transfection activities as compared to their
ester and urethane counterparts [43–45]. Therefore, the ether function-
ality has been used to graft the cholesterol moiety on the PEI back-
bone (Fig.1). Three PEIs of differentmolecularweightswere synthesized
via incorporation of different percentages of cholesterol units. In this
report, we present the results of physical changes in membranes in-
ducedbymixingof these PEI-chol lipopolymers andDPPCbydifferential
scanning calorimetry (DSC) and ﬂuorescence anisotropy using the
probe1,6-diphenylhexatriene (DPH). These results showed that PEI-chol
lipopolymers like cholesterol act as ‘ﬁller’ molecules. But unlike cho-
lesterol, the resulting PEI-chol lipopolymers did not affect the gel phase
of the DPPC membranes, although rigidifying the phospholipids liquid-
crystalline phase.
2. Experimental section
2.1. Materials
All the reagents and chemicals used in this study were of the ACS
grade. Dipalmitoyl phosphatidylcholine (DPPC) was purchased from
Avanti Polar lipids (Birmingham, AL) and 1,6-diphenyl-hexa-1,3,5-triene
(DPH) was obtained from Sigma (St. Louis, MO). PEI-chol lipopolymers
were synthesized by reﬂuxing the PEI of desiredmolecular weight with
cholest-5-en-3β-oxyethane tosylate in MeOH-toluene till the complete
disappearance of cholest-5-en-3β-oxyethane tosylate as indicated byTable 1
Percentage of cholesterol grafting calculated from 1H-NMR studies after derivatizing PEI po
Lipopolymer PEI M.W. Cholesterol grafting (%) Lipopolymer PEI M.W.
P8C1 800 104.7a P12C1 1200
P8C2 800 57.22 P12C2 1200
P8C3 800 29.18 P12C3 1200
a More then 100% cholesterol grafting indicates that the primary amines in PEI get alkylaTLC (Silica gel, EtOAc/Hexane: 1:9). Cholest-5-en-3β-oxyethane tosylate
was synthesized as reportedpreviously [46]. NinePEI-chol lipopolymers
were synthesized using PEI of three different molecular weights with
different percentages of cholesterol grafting as shown in Table 1. The
percentage of cholesterol grafting was calculated from the 1H NMR
studies of PEI-chol lipopolymers as shown in supporting information.
2.2. Vesicle preparation
Thin ﬁlms from individual PEI-chol lipopolymers were prepared in
Wheaton glass vials by dissolvingweighed amounts of individual PEI-chol
lipopolymers in chloroform and evaporating the organic solvent under a
stream of dry nitrogen. The last traces of organic solvent were removed by
keeping these ﬁlms under high vacuum for 5–6 h. The required amount of
waterwasadded toeach individualﬁlmand thevialwaskept forhydration
at 4 °C for ~24 h. The suspensionwas then probe-sonicated for 5 min.
2.3. Transmission electron microscopy
The suspensions of PEI-chol lipopolymers were examined under
transmission electronmicroscopy by negative staining using 1% uranyl
acetate. A 10 μL sample of the suspension was loaded onto Formvar-
coated, 400 mesh copper grids and allowed to remain for 1 min.
Excess ﬂuid was removed from the grids by touching their edges with
ﬁlter paper, and 10 μL of 1% uranyl acetate was applied on the same
grid after which the excess stainwas similarly wicked off. The grid was
air-dried for 30 min, and the specimens were observed under TEM
(JEOL 200-CX) operating at an acceleration voltage of 120 keV.
Micrographs were recorded at a magniﬁcation of 4000–20,000×.
2.4. Fluorescence anisotropy measurements
The samples for ﬂuorescence measurements were prepared by
mixing 1.0 mg of DPPC, appropriate amounts of PEI-chol lipopolymers
and DPH to give a 250:1 DPPC/DPH molar ratio, all of them dissolved
in chloroform as solution. The chloroform from the mixture was
evaporated to dryness in Wheaton vials ﬁrst under a steady stream of
dry nitrogen gas and ﬁnally under high vacuum to prepare thin ﬁlmslymers with cholesterol moiety
Cholesterol grafting (%) Lipopolymer PEI M.W. Cholesterol grafting (%)
123a P20C1 2000 88.10
65.68 P20C2 2000 66.22
26.36 P20C3 2000 30.34
ted with two cholesteryl moieties.
Fig. 2. Transmission electron micrographs of the suspensions from lipopolymers P8C1,
P8C2 and P8C3.
Fig. 3. Transmission electron micrographs of the suspensions from lipopolymers P12C1,
P12C2 and P12C3.
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water and the resulting solutionwas left for hydration over a period of
4–6 h at 4 °C. The suspensionwas heated to 70 °C for 15 min, vortexed
for 5min, and then frozen to 0 °C for 20min. Each samplewas subjected
to 5 such cycles to ensure optimal hydration. Steady-state DPH
anisotropy values were recorded at λ excitation=360 nm and λ
emission=430 nm [19]. The slit widths of both the excitation and
emissionwindowwere kept at 10 nm. The ﬂuorescence intensity of the
emitted light polarized parallel (III) and perpendicular (I⊥) to the excited
light was recorded with temperature. There was no polarization due
to light scattering since the dilution of DPH-doped vesicles had no
effect on the ﬂuorescence anisotropy. The ﬂuorescence anisotropy
values (r) at various temperatures with different lipid co-aggregates
were measured by employing Perrin's equation, r=(III−GUI⊥)/(III+2 I⊥),
where the G represents the instrumental correction factor. The
apparent gel-to-liquid-crystalline phase transition temperatures were
calculated from themidpoints of the breaks related to the temperature-
dependent r-values. The temperature range for phase transition was
calculated from two temperature points, which marked the beginning
and the end of the phase transition process.2.5. Differential scanning calorimetry
Multilamellar vesicles of 1 mM concentration were prepared in
degassedwater asmentioned above and their thermotropic behaviorwas
investigated by high sensitivity differential scanning calorimetry using a
CSC-4100 model, multi-cell Differential Scanning Calorimeter (Calori-
metric Science Corporation, Utah, USA). Baseline thermogram was
obtained using degassed water (0.5 ml) in all the ampoules including
the reference cell to normalize cell to cell differences. Sampleswere taken
in the cells such that the differences in weight with the baseline
experiment to the sample run were less than 0.001 g in the respective
ampoules. The measurements were carried out in the temperature range
of 20–90 °C. Theheating andcooling scan ratesweremaintainedat 20 °C/h
for all the experiments. The thermograms for vesicular suspensions were
obtained by subtracting the respective baseline thermogram from the
sample thermogram using the software ‘CpCalc’ provided by the
manufacturer. Peak position in the plot of the “excess heat capacity” vs.
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gel-to-ﬂuid liquid-crystalline phase transition temperature and ﬂuid to
gel-phase transition, respectively, for each membranous suspension. The
molar heat capacities, calorimetric enthalpies (ΔH) and entropies (ΔS)
were also computed using the same software as reported. The size of
cooperativity unit (CU) for the phase transition of each lipid was
determined using formula
CU =
ΔHvH
ΔHc
where ΔHvH is the van't Hoff enthalpy and ΔHc is the calorimetric
enthalpy [47]. Van't Hoff enthalpy was calculated from the equation
ΔHvH =
6:9T2m
ΔT1=2
.
Where ΔT1/2 is the full width at half maximum of the thermogram
and Tm is the phase transition temperature [48].
3. Results and discussion
3.1. Transmission electron microscopy
Lipopolymer P8C1 possessing highest cholesterol grafting among
P8 derivatives shows helical aggregates of 20 nm width with twists
(Fig. 2), whereas P8C2 and P8C3 PEI-chol lipopolymers shows
vesicular aggregates of 50–130 nm in size (Fig. 2). P12C1 and P12C2
lipopolymeric suspensions show vesicular aggregates of 80–120 nm in
size (Fig. 3), whereas suspensions from P12C3 are more the 300 nm in
size (Fig. 3). Among P20 derivatized PEI-chol lipopolymers, P20C1
withmaximum cholesterol grafting show nanoﬁbres of 100 nm in size
(Fig. 4) like P8C1 derivatives which shows twisted nanoﬁbres with
20 nm in thickness. P20C2 and P20C3 derivatives show vesicular
aggregates of 100 nm in size (Fig. 4).
3.2. Fluorescence anisotropy
To understand the relative order–disorder in the co-aggregates of
PEI-chol lipopolymers and DPPC, the temperature induced hydrocarbonFig. 4. Transmission electron micrographs of the suspensions from lipopolymers P20C1,
P20C2 and P20C3.
Fig. 5. Dependence of ﬂuorescence anisotropy (r) of DPH incorporated in the mixed
membranes of DPPC and various weight% of lipopolymers P8C1, P8C2 and P8C3.chain disorders are measured by determining the ﬂuorescence
anisotropy (r) of 1,6-diphenylhexatriene (DPH) as a function of tem-
perature. PEI-chol lipopolymers possessing lower percentages of
cholesterol grafting doped in DPPC exhibit nearly the same anisotropy
(r) values as compared to pure DPPCmembranes below Tm (Figs. 5–7). It
indicates that DPH experiences the same ordered environment at the
hydrocarbon region of these co-aggregates in spite of the PEI-chol
lipopolymer doping in the gel states of the membranes below Tm. In
liquid-crystalline phase, the anisotropy values of mixed membranes
depend both on the percentage of doping of a given PEI-chol
lipopolymer and % of cholesterol grafting on that PEI-chol lipopolymer.
In case of mixed membranes using PEI-chol lipopolymers (P8C3,
P12C3, P20C3), there is hardly any variation in the anisotropy value (r)
value as compared to DPPC membranes above Tm, even upon 15%
doping of the PEI-chol lipopolymers (P8C3, P12C3, P20C3) (Figs. 5a,
Fig. 6. Dependence of ﬂuorescence anisotropy (r) of DPH incorporated in the mixed
membranes of DPPC and various weight% of lipopolymers P12C1, P12C2 and P12C3.
Fig. 7. Dependence of ﬂuorescence anisotropy (r) of DPH incorporated in the mixed
membranes of DPPC and various weight% of lipopolymers P20C1, P20C2 and P20C3.
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pholipid membranes and experience similar environment as sensed
by DPH in these PEI-chol lipopolymer-DPPC co-aggregates. In case of
other lipopolymer-DPPC co-aggregates, a progressive increase in aniso-
tropy (r) values is observed with progressive increases in lipopolymer
doping. This suggests that in this situation DPH experiences a more
‘ordered’ environment because of rigidiﬁcation of membranes. This
rigidiﬁcation is the maximum for P8C2 and P20C2, where the highest
anisotropy values are observed at (Tm+10 °C) as shown in Figs. 5b, 7b
and Table 2.
The inclusion of PEI-chol lipopolymers do not affect the phase
transition temperature of DPPC much except that the Tm due to DPPC
is abolished by addition of 15% weight of P12C2 (Fig. 6b). In case of
other PEI-chol lipopolymers, there is hardly any change in the Tm in
spite of the addition of the 15% of PEI-chol lipopolymers. Incorpora-
tion of only 15%weight of any PEI-chol lipopolymer does notmarkedly
ﬂuidize the membranes below Tm.Above Tm, in ﬂuid state, natural cholesterol induces appreciable
rigidiﬁcation of the bilayer showing regular increase in r with
increasing mol% of cholesterol in DPPC [49]. Interestingly in case of
the PEI-chol lipopolymers, the rigidiﬁcation of DPPC bilayers in ﬂuid
state is dependent upon the cholesterol grafting in PEI-chol
lipopolymers. PEI-chol lipopolymers with high amounts of cholesterol
grafting show an increase in r-values with every increase in the
percentage of PEI-chol lipopolymers added, whereas the inclusion of
PEI-chol lipopolymers P8C3, P12C3 and P20C3 in DPPCmembranes do
not manifest any appreciable increase in the r-values (Figs. 5c, 6c, 7c).
This indicates that highly cholesterol grafted PEI-chol lipopolymers
rigidify the ﬂuid state of membranes.
Examination of the ﬂuorescence data further show that the
lipopolymers do not affect the gel state of the DPPC membranes as
there is no change in the anisotropy (r) value below the Tm of DPPC
membranes, whereas cholesterol is known to ﬂuidize (loose packing)
the solid-ordered (so) gel phase of DPPC where decrease in anisotropy
Table 2
Thermal phase transition parameters of DPPC and its co-aggregates with various grafted
lipopolymers as determined from the ﬂuorescence anisotropy measurementsa
Lipopolymer % in DPPC rb (25 °C) Tmc,d ( °C) ΔTm (K)e r (Tm+10 °C)
DPPC – 0.28 42.2 4.0 0.07
P8C1 5% 0.29 42.0 16.0 0.07
10% 0.28 42.0 11.0 0.09
15% 0.28 42.0 12.0 0.11
P8C2 5% 0.29 43.0 15.0 0.08
10% 0.28 41.0 25.0 0.10
15% 0.27 38.5 25.0 0.19
P8C3 5% 0.27 39.0 17.0 0.08
10% 0.28 40.0 18.0 0.09
15% 0.28 40.0 20.0 0.11
P12C1 5% 0.28 42.0 13.0 0.08
10% 0.28 42.0 24.0 0.10
15% 0.28 43.0 11.0 0.13
P12C2 5% 0.26 42.0 12.0 0.08
10% 0.28 43.0 13.0 0.08
15% 0.28 n nd 0.12
P12C3 5% 0.28 42.0 20.0 0.04
10% 0.28 42.0 20.0 0.08
15% 0.28 40.0 24.0 0.09
P20C1 5% 0.29 41.5 17.0 0.08
10% 0.28 42.0 15.0 0.12
15% 0.28 43.0 20.0 0.16
P20C2 5% 0.29 42.0 10.0 0.13
10% 0.28 41.0 20.0 0.10
15% 0.28 41.0 16.0 0.09
P20C3 5% 0.29 41.5 12.0 0.07
10% 0.28 42.0 16.0 0.08
15% 0.28 40.0 10.0 0.09
a See text for experimental details; [DPPC]=1 mM; [DPH]=1 μM; pH=6.5 water
(Millipore).
b The accuracy of the r-value is ±0.005.
c Error in Tm is ±1.0 °C.
d “n” signiﬁes no detectable break in the r–T plot. In such cases Tm for calculation of r
(Tm+10 °C) was chosen as the last identiﬁed temperature where a break was observed
for a lower mol% of lipopolymer in DPPC.
e ΔTm values represent the temperature range for phase transition; error in ΔTm is
±2.0 K.
Fig. 8. Representative DSC scans of DPPC MLVs in the presence of the indicated weight%
of lipopolymers (a) P8C1 (b) P8C2 (c) P8C3.
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grafted PEI-chol lipopolymers rigidify the liquid-disordered (Id) phase
like cholesterol as evidenced from the increase in anisotropy (r) values
above Tm of DPPC membranes. Lipopolymers with low cholesterol
content do not rigidify the ﬂuid state to any signiﬁcant extent as there is
little increase in anisotropy (r) values. The so and Id phases are the terms
that are often used to describe the Lα and Lβ phases respectively. In the
so (solid-ordered, solid-like or gel phase), the fatty acyl chains are
packed closely. To pack efﬁciently, in the so phase of the fatty acyl chains
they are arranged in staggered, s-trans conformation. In this phase, the
van-der Waals contacts between the polymethylene chains exist. The
interactions stabilize this phase, much as they stabilize the liquid-
crystalline phases. The more is the number of these interactions, the
greater is the stability of the so phase. The Id phase is liquid-disordered,
liquid-crystalline like phase, which is characterized by random
arrangement of the polymethylene chains of the lipid molecules. In
these, s-gauche conformations occur randomly, disrupt efﬁcient
packing, andmake thehydrophobic interior of themembraneﬂuid-like.
Noneof thePEI-chol lipopolymers is found toﬂuidize the gel phase of
membranes as compared to cholesterol [19–21] or cholesterol based
cationic lipids [19–21] where ﬂuidization of the DPPC membranes is
observed in gel phases. In fact there was little increase in the r-values
indicating that the PEI-chol lipopolymers rigidify the gel phase of DPPC
membranes. This could be because the amine –NH– groups of PEI-chol
lipopolymersmay interactwithphosphate residues ofDPPCmembranes
via hydrogen bonding, leading to the rigidiﬁcation of the membranes.
The complete abolition of phase transition in case of P12C2 seems to be
governed by its ability to rigidify the ﬂuid phase of membranes. The
transition width of the phase transition was determined fromﬂuorescence measurements as shown in Table 2. Although we can not
ﬁnd any relation between the transition width and the lipopolymer
doping but these transitionwidths have been found to depend upon the
percentage of PEI-chol lipopolymer doping and the lipopolymer.
3.3. Differential scanning calorimetry
DPPC or their mixtures with PEI-chol lipopolymers are dispersed in
purewater (Milli-Q), by use of vortexmixing procedure, followed by ﬁve
cycles. Well deﬁned thermal phase transitions are observed. The DSC
traces containing thermogramsof theDPPCmembranesdopedwith5,10,
and 15% weight of PEI-chol lipopolymers are shown in Figs. 8–10.
Addition of PEI-chol lipopolymers in general leads to progressive
broadening of the gel-to-liquid-crystalline phase transition of DPPC
leading to its eventual abolition at higher concentrations. However,
the concentrations of these cholesterol based PEI-chol lipopolymers
required for complete abolition of the phase transitionvaries signiﬁcantly
as compared to natural cholesterol. Nearly 45% of cholesterol is required
to completely quench the chain motions of DPPC [19–21], whereas with
Fig. 9. Representative DSC scans of DPPC MLVs in the presence of the indicated weight%
of lipopolymers (a) P12C1 (b) P12C2 (c) P12C3.
Fig.10. Representative DSC scans of DPPCMLVs in the presence of the indicatedweight%
of lipopolymers (a) P20C1 (b) P20C2 (c) P20C3.
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phase transition of DPPC, whereas all other co-aggregates showed
broadened phase transitions.
In an earlier investigation, we have shown that cholesterol based
cationic lipids unlike natural cholesterol [19–21], depressed the
melting temperature (Tm) of the DPPC bilayers. On the contrary, in
case of cholesterol grafted PEI-chol lipopolymers, the depression in the
melting temperatures is found to depend on the molecular weight of
PEI and the percentage of cholesterol grafting, P8C1 and P8C3 showing
themaximumdepression of 5–7 °C, whereas in other cases only 1–3 °C
depression in Tm is observed (Fig. 8). These PEI-chol lipopolymers
retain the property of cholesterol in that they also function as ﬁller
molecules. This is why these lipopolymers could quench the chain
motions of the acyl chains of DPPC. This suggests that despite the
grafting of cholesterol moiety on PEI backbone, the lipopolymers
occupy a location that is nearly comparable to that of the natural
cholesterol in the membrane. This depression in the phase transition
temperature has also been observed during ﬂuorescence anisotropy
studies as shown in Table 2, for example upon incorporation of 15%
P8C2 PEI-chol lipopolymer, there was ~4.5 °oC decrease in Tm.Sturtevanthad suggested the formationof differentdomains induced
by cholesterol in DPPC [48]. The changes in the shape of the peak of
phase transition indicate compositional variations during phase transi-
tion. Dual peaks in the DSC proﬁles suggest that these PEI-chol
lipopolymers are soluble in the solid (so) gel phase of DPPC. It is
reasonable to assume that upon incorporation they form domains rich
in DPPC (which show a sharp peak) and domains that are rich in PEI-
chol lipopolymers (which appear as a broad peak). The two peaks in the
PEI-chol lipopolymers/DPPC system are not clear in all cases like
cholesterol/DPPC, although in some PEI-chol lipopolymers/DPPC sys-
tems peaks are distinguishable as shown in Fig. 8. The presence of these
two overlapping peaks is dependent upon the lipopolymer type, which
differ in the percentage of cholesterol grafting on PEI backbone.
DSC thermogram of P12C1 shown in Fig. 9a showed overlap of one
sharp peakwith another broadpeak. The sharp peak ismost affected by
an increasing concentration of the lipopolymer in termsof enthalpyand
position. It is reasonable to assign this peak due to thermal transition of
a DPPC domain. Further addition of the PEI-chol lipopolymers serves
mainly to convert the ‘DPPC-rich’ population into a ‘DPPC-poor’
population. The DPPC-poor population may be responsible for the
Table 3
Thermodynamic characterization of the phase transition exhibited by DPPC and its co-
aggregateswith various lipopolymersas determined fromdifferential scanning calorimetrya
Lipopolymer % in DPPCa Tmb (°C) ΔHc
(Kcal/molc)
ΔS
(cal/Kmold)
ΔHvH
(Kcal/mol)
CUe
DPPC – 42.9 7.1 23 1028 144
P8C1 5% 42.1 3.5 11 542 155
10% 41.7 2.6 8 527 203
15% 36.4 2.4 8 157 66
P8C2 5% 42.2 6.6 21 505 76
10% 41.0 3.8 12 224 59
15% 40.6 2.1 7 342 163
P8C3 5% 42 4.8 15 478 100
10% 41 2.9 9 301 103
15% 37.6 1.2 4 228 190
P12C1 5% 42.6 5.7 18 705 123
10% 39.3 2.0 6 263 131
15% 42.2 4.2 13 356 84
P12C2 5% 42.5 4.1 13 719 175
10% 42.2 4.7 15 444 94
15% 41.9 2.8 9 461 164
P12C3 5% 42.1 3.9 12 714 183
10% 41.6 8.8 28 184 21
15% 41.0 5.7 18 458 80
P20C1 5% 42.4 5.0 16 703 140
10% 42.1 2.1 7 842 401
15% 42.2 4.5 14 408 90
P20C2 5% 42.5 6.7 21 715 107
10% 42.3 7.2 23 412 57
15% 41.5 5.1 16 304 59
P20C3 5% 42.0 4.0 13 526 132
10% 41.9 5.7 18 459 80
15% 41.8 5.7 18 494 86
a See text for experimental details on DSC; [DPPC]=1 mM.
b Accuracy of Tm was ±0.2 °C between successive runs of the same sample; two
different sample preparations gave a difference of ±1.5 °C.
c Values varied within ±0.2 kcal/kmol.
d Values varied within ±0.002 kcal/kmol.
e Size of cooperativity unit.
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interaction with DPPC; this is reﬂected in the change in position and
shape of the sharp peak due to formation of a different entity of DPPC
and PEI-chol lipopolymers. The formation of a broad and sharp peak
due to cholesterol-poor and cholesterol-rich phases, respectively, due
to incorporation of cholesterol in DPPC and other lipids has indeed
been observed with parent cholesterol [33,50,51].Fig. 11. Representative transmission electron micrographs of 15% weight doped LipopolyThe thermal phase transition properties have been summarized in
Table 3. The phase transition temperature Tm is the temperature at
which these membranous aggregates are half converted to the ﬂuid
phase. Inmost cases, the calorimetric enthalpy (ΔHc) thatwas associated
with the chain melting of the palmitoyl chains in DPPC/lipopolymer co-
aggregates is signiﬁcantly lower than that of pure DPPC membranes as
addition of PEI-chol lipopolymers into DPPC led to progressive broad-
ening of the gel-to-liquid-crystalline phase transition of DPPC leading to
its eventual abolition. Transition enthalpy and entropy values generally
decrease with an increase in the amount of PEI-chol lipopolymers
included in the co-aggregates of DPPC (Table 3). On the basis of their line
widths at half-maximum excess speciﬁc that (ΔT1/2), van't Hoff
enthalpies are determined. Comparison of experimentally determined
calorimetric enthalpy with the van't Hoff enthalpy allows one to
estimate the size of the molecular aggregates over which the motion of
DPPC molecules undergoing the phase transition is transmitted, i.e.
the cooperativity of melting process (CU=ΔHvH/ΔHC). As shown in the
Table 3, the inclusion of PEI-chol lipopolymers in DPPC membranes
show the mixed response on cooperativity unit depending upon the
cholesterol grafting on PEI and themolecular weight of the PEI used, but
in most of the cases there is less cooperativity in the co-aggregates.
CooperativityUnits (CU) fromcalorimetric data showthecomplexnature
of the PEI-chol lipopolymers–DPPC interactions. Cholesterol based
cationic lipids are known to make the gel-to-liquid transition less
cooperative, but the observation of the high cooperativity unit indicates
that the strongH-bonding between the PEI-chol lipopolymers and DPPC
membranes through –NH– and phosphate groups of lipopolymer and
DPPC might be prevalent in mixed membranes.
3.4. Conclusions
Nine PEI-cholesterol based PEI-chol lipopolymers of different
percentage of cholesterol grafting on three different molecular weight
PEIs have been synthesized. We investigated how these PEI-chol
lipopolymers inﬂuence the DPPC bilayer solid gel-to-liquid-crystalline
phase transition. These cholesteryl linked PEI-chol lipopolymers act
as ﬁller molecules in membranes like parent cholesterol. They could
quench the chainmotions of the acyl chains of DPPC and the broadening
of the phase transitionwas dependent upon the type of lipopolymer and
extent of cholesterol loading. Fluorescence anisotropy results showed
that these PEI-chol lipopolymers unlike cholesterol did not inﬂuence themer-DPPC coliposomes (a) P8C1 (b) P8C3 (c) P12C2 (d) P12C3 (e) P20C1 (f) P20C2.
2233S. Bhattacharya, A. Bajaj / Biochimica et Biophysica Acta 1778 (2008) 2225–2233gel phase of the DPPC membranes, although like cholesterol they could
rigidify the liquid-crystalline phase of membranes. This rigidiﬁcation of
liquid-crystalline phase of the membranes is dependent upon the
percentage of cholesterol graftingonPEI. Electronmicroscopy studies on
the lipopolymer doped DPPC liposomes showed the vesicular nature of
the aggregates of different sizes depending upon lipopolymer as shown
in Fig. 11. Thus PEI-chol lipopolymers bearing low percentage of
cholesterol grafting hardly showed any effect on the liquid-crystalline
phase of the DPPC membranes.
3.5. Supporting information
Synthesis and characterization of PEI-chol lipopolymers is pre-
sented in the supporting information.
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